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Na-metasomatism in the form of albitisation is regionally extensive in the Precambrian crust of southern
Scandinavia and is particularly widespread in the Bamble Sector, the Kongsberg-Modum Sector and the
Norwegian part of the Mylonite Zone. Sites of albitisation outside these belts are associated with hy-
drothermal breccia pipes and fracture-bound alteration. The albitites are composed of near end-member
sodic plagioclase (An0e5Ab94e99) with minor carbonate (calcite and dolomite), rutile, clinopyroxene
(En30Fs21e23Wo47e49), amphibole (edenite-pargasite), quartz, titanite, tourmaline, epidote (Fe3þ ¼ 0.20
e0.85 a.p.f.u) and chlorite (Mg# ¼ 0.81e0.89). The albitites have been studied in detail in the region
around the town of Kragerø, and are described as albitisation along veins, as breccias, albitic felsites,
massive carbonate-bearing albitites and megascale clinopyroxene-titanite-bearing albitite. The strong
ﬂuid control on their formation is illustrated by the veining and mineral replacement reactions, showing
ﬂuid transport by a H2O-CO2 ﬂuid rich in Na, depleting Fe and Mg from the host rock, in accordance with
calculated mass transfer. A study of the mineralogical replacement reactions in combination with a
regional compilation has demonstrated the relationship between metasomatic processes and the for-
mation of apatite, rutile and Fe deposits. The albitites occur spatially associated with other metasomatic
rocks such as scapolitised metagabbros. We document that metasomatism is an important mineral- and
rock-forming process in the continental crust, which in the Bamble Sector is a part of the tectonome-
tamorphic evolution of the Sveconorwegian orogen.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Bamble and Kongsberg-Modum sectors of South Norway
represent a classical high-grade metamorphic terrane (e.g.
Touret, 1971; Munz, 1990; Nijland and Maijer, 1993; Knudsen,
1996; Kihle and Harlov, 2010), where the gneiss complexes
contain a series of different metasomatic rocks. These rocks were
recognized already in the 19th century due to their special
mineralogical and chemical composition in comparison withþ47 73 92 16 20.
of Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and Ptheir host rocks, comprised of metagabbros with apatite veins,
which at that time were of economic importance (Brøgger and
Reusch, 1875; Bugge, 1922). In particular, the metagabbro-
hosted albitites have been described and debated with regard
to mineralogy and petrology by several geoscientists in the past
(e.g. Vogt, 1892; Brøgger, 1935; Green, 1956; Bodart, 1968;
Morton et al., 1970). Nevertheless, even after more than a hun-
dred years of investigation and discussion, the origin of these
rocks is still open to debate.
The present contribution focuses on albitisation in relation to
ﬂuid migration during the Sveconorwegian Orogeny in the
Bamble Sector of southern Norway. The descriptions start with a
summary of observations on Na-metasomatic rocks throughout
southern Scandinavia. Albitite is deﬁned as an albite-dominated
rock, and their great variety in the Kragerø area in the north-
ern part of the Bamble Sector is here described in some detail in
order to characterize their spatial distribution, ﬁeld relationships,
structural control, mineralogy, petrography and mineral chem-
istry. We discuss the control on ﬂuids from the standpoint ofeking University. Production and hosting by Elsevier B.V. All rights reserved.
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their spatial relationship with other types of metasomatic rocks
and apatite, rutile and Fe ore mineral deposits. Questions will be
raised about the importance of albitisation on a regional scale
and its relation to the tectonothermal evolution of the Bamble
Sector.
2. Geological setting
The present distribution of late Palaeoproterozoic to late Mes-
oproterozoic gneiss complexes in SW Scandinavia is the ultimate
result of the Sveconorwegian Orogeny (1140e880 Ma) when the
crust became reworked and separated into a number of tectonic
mega-units (termed blocks, terranes, sectors or segments) which
are separated by major shear belts (Andersen, 2005; Bingen et al.,
2008a; Viola et al., 2011; Slagstad et al., 2013). Some of these shear
belts are characterized by widespread Na-metasomatism, as in the
Bamble Sector (Fig. 1). The Bamble Sector consists of amphibolites-
to granulite-facies, para- and orthogneisses with a stronglyFigure 1. Regional geological map of South Norway and Sweden indicating areas affected b
(1966), Gvein (1967), Elbers and Hoeve (1971), Hoeve (1978), Zeck and Wallin (1980), S.
KS ¼ Kongsberg-Modum Sector; RAC ¼ Rogaland Anorthosite Complex; KPFZ ¼ Kristiansa
DBT ¼ Dalsland Boundary Thrust; GZ ¼ Götaelv Zone; SFDZ ¼ Sveconorwegian Frontal DefSWeNE oriented structural pattern (Touret, 1971; Starmer, 1991;
Padget and Brekke, 1996), which is indicated in Fig. 2 by the
orientation of widespread gabbro bodies and dykes where most of
the albitites are located. The gneiss complex is dominated by
arenitic metasedimentary rocks containing important units of
quartzite which were deposited in the period 1499‒1455 Ma ac-
cording to provenance studies on zircon (Knudsen et al., 1997;
Åhäll et al., 1998; de Haas et al., 1999). The metasedimentary
rocks contain variably sized, pre-Sveconorwegian, granitic to
gabbroic intrusions that range in age from 1570 to 1150 Ma
(Kullerud and Machado, 1991; Andersen et al., 2002; de Haas et al.,
2002; Andersen et al., 2004; Bingen et al., 2008b). Sveconorwe-
gian metamorphism, which reached granulite facies in the area
northeast and east of Arendal, occurred at 1140e1125 Ma and was
followed by an amphibolites-facies overprint between 1110 and
1080 Ma (Touret, 1971; Cosca et al., 1998; Bingen et al., 2008b). The
Bamble Sector was thrusted northwestwards over the Telemark
Block subsequent to the regional amphibolites-facies event at ca.
1110 Ma (Bingen et al., 2006). Later activity was localised along they Na-metasomatism taken from Brøgger (1935), Green (1956), Larsson (1956), Jøsang
Jonasson, pers. comm. (2003) and P.M. Ihlen, unpublished data. BS ¼ Bamble Sector;
nd-Porsgrunn Fault Zone; KSFZ ¼ Kongsberg-Sokna Fault Zone; MZ ¼ Mylonite Zone;
ormation Zone; LLDZ ¼ Linköping-Lofthammer Deformation Zone.
Figure 2. Regional geological map of the Bamble Sector showing the distribution of metasomatic rocks and associated apatite-rutile vein deposits. Compiled from Helland (1875),
Brøgger and Reusch (1880), Sjögren (1883), Löfstrand (1890), Bugge (1922), Brøgger (1935), and Padget and Brekke (1996).
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Zone. This is reﬂected by the growth of secondary titanite at about
1000 Ma (de Haas et al., 2002) and crystallisation of muscovite
during extensional deformation at 890e880 Ma (Mulch et al.,2005). The latter event also affects the western late-orogenic
granite in the southern part of the sector (Fig. 2). The sequence
of the main geological events and relative progress of metasomatic
events is summarized in Table 1.
Table 1
Simpliﬁed geological history of the KongsbergeBamble sectors (see text for references).
Events Rocks type/age/metamorphic condition Metasomatism Structures Economic geology
Gothian orogeny ca. 1.6 Ga
Deposition Quartzite, greywacke
Magmatism Plutons (1.57e1.46 Ga)
Sveconorwegian orogeny 1.14e0.88 Ga
Magmatism Gabbro/granitoids Scapolitisation (1.09e1.08 Ga) Regional foliation Co-ore
Deformation Granulite facies Tourmaline formation (NEeSW-trending) Fe-ore
Metamorphism P: 0.7  0.11 GPa; Albitisation Brecciation Rutile
T: 790  60 C Carbonatisation Pe, PeFe-ore
Amphibolite facies
Late-tectonic magmatism Granites
(0.9 Ga)
Low-grade metamorphism Prehniteepumpellyite Albitisation
Age unknown K-feldsparisation
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Scandinavia
Metasomatic rocks occur widely in theMesoproterozoic rocks of
southern Scandinavia with albitites as the most conspicuous type
(Fig. 1). With the exception of those occurring along the late
Palaeoproterozoic Lofthammar-Linköping Deformation Zone (LLDZ
in Fig. 1; Elbers and Hoeve, 1971; Hoeve, 1978), albitites are
conﬁned to the Sveconorwegian orogen. The albitites occur most
commonly in conjunction with other types of metasomatic rocks
including scapolitised metagabbros (Lieftink et al., 1994; Engvik
et al., 2011) and Mg-Al-rich lithologies such as orthoamphibole-
cordierite schists (Bugge, 1943). Notably, the same region has a
high density of hydrothermal mineral deposits which comprise
veins of apatite, rutile, pyrrhotite-apatite, Fe-oxide-apatite and Fe-
oxides, as well as coarse-grained, calcite-dominated, hydrothermal
breccias and structurally controlled carbonate bodies.
In the Swedish part of the orogen, albitisation is mainly devel-
oped in the Dalsland area where the basal metasedimentary suc-
cessions of the Dal group and underlying granitic orthogneisses are
strongly albitised (Zeck and Wallin, 1980). The albititic rocks
contain uranium mineralisation, commonly fracture-controlled (S.
Jonasson, pers. comm., 2003). In addition, local albitisation is found
associated with a number of small Cu- and Fe-ore veins in the
Telemark area, and some enigmatic sub-circular crackle breccias
are found inside granitic orthogneisses in the eastern part of the
orogen. The latter, which are up to 400 m in diameter, are
composed of ﬁne-grained albitites (>Ab90) containing a dense
network of irregular veins and veinlets coalescing into interclast
segregations of coarse-grained chlorite together with variable
amounts of magnetite, amphibole and apatite (e.g. Gartjärn brec-
cias; Larsson, 1956). In southern Norway albitites are especially
abundant in the Bamble and Kongsberg-Modum sectors, and along
the Mylonite Zone in southeast Norway. In the coastal areas of the
Rogaland Anorthosite Complex (RAC), fracture-controlled Na-
metasomatism is also common.
Sodiummetasomatism in the RAC occurs along fracture zones in
coarse-grained orthopyroxene-bearing anorthosites and leuconor-
ites that intruded the high-grade gneiss complex of the Rogaland
area at about 930 Ma (Schärer et al., 1996). The andesine in the
anorthosite is altered to ﬁne-grained aggregates of albite and
epidote-clinozoisite. Orthopyroxene is altered to amphibole, chlo-
rite and epidote. Ilmenite is altered to rutile and titanite. In strongly
altered areas, the maﬁc minerals have been leached leaving a ﬁne-
grained, white, albite-rich rock which is quarried for aggregate
(Schiellerup et al., 2003; Marker, 2004).
Albitised rocks in the Mylonite Zone are so far only known from
the NWeSE-trending segment in Norway (Mjøsa-Magnor Shear
Zone). They are almost invariably found in coarse-grained gneissicgranites and granitic augen-gneisses as well as in enclaves of
roughly coeval, felsic metavolcanites with sedimentary units
(Kongsvinger Group; Gvein, 1967) which locally comprise kyanite
quartzites (Müller et al., 2007 and references therein). The granitic
intrusions and volcanites were emplaced during the late Palae-
oproterozoic (1693e1674Ma; Alm et al., 2001; Bingen et al., 2008a)
and acquired their gneissic fabric during top-to-the-W/SW
shearing possibly related to an early Sveconorwegian shortening
event (Viola et al., 2011) with coeval kyanite-grade metamorphism
between 1010 and 1570Ma (Page et al., 1996; Stephens et al., 1996).
Subsequent deformation under greenschist-facies conditions is
related to the main development of the Mylonite Zone which
started at around 970Ma as a southeastward thrusting event with a
frontal ramp in Sweden and a sinistral lateral ramp in the Norwe-
gian part of the zone. The thrust- and sinistral shear-related fabrics
were subsequently reworked and locally dissected by extensional
shear zones caused by EeW crustal extension. The granitic
orthogneisses and mylonites are in numerous km2-sized areas,
affected by patchy weak albitisation which has erased the shear
foliation in the protoliths. In these areas it is also common to ﬁnd
massive granoblastic albitites composed of medium-grained
chessboard albite which often has co-precipitated with subordi-
nate hematite (Gvein, 1967). The albitites form single bodies or
trains of bodies, each having a length of 100 m and a width of more
than 20 m. They are formed along fracture zones (mostly NeS
trending) oriented obliquely to the regional structural trend. Brittle
reactivation at a late stage in the albitisation process generated
fracture networks and breccias ﬁlled with massive hematite (Ihlen,
unpublished data). More than 60 of these hematite deposits have
beenmined in the past (NGUOre database) and the largest of these,
the Spetalenmine at Kongsvinger, is described by Gvein (1967). The
ore-bearing albitites are, in places, reactivated as ductile shear
zones with the formation of hematite-bearing muscovite phyllon-
ites that possibly developed in associationwith late EeWextension
along the Mylonite Zone.
In the Kongsberg-Modum Sector, extensive albitisation occurs
in the Modum Complex (Jøsang, 1966; Munz et al., 1994). The
albitites in this region are described as zones up to several
hundred metres wide, affecting both metagabbros and
amphibolites-facies metasedimentary rocks. The albitisation has
affected areas covering several km2 and is mostly associated with
mylonites, fractures and breccia zones. Munz et al. (1994)
regarded the albitisation as having been caused by a retrograde
ﬂuid inﬁltration, producing albite-dominated assemblages with
varying amounts of actinolite, rutile, titanite, Fe-oxides and
calcite. It has been dated to 1080  3 Ma by U-Pb analyses on
titanite. Unusual rock types such as whiteschists and
orthoamphibole-cordierite rocks also occur in association with
the albitites in this region (Munz, 1990).
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eastern boundary to the Oslo Rift southwestwards to Lillesand
(Fig. 1; Brøgger, 1935; Green, 1956). The area is well known for the
presence of apatite and/or rutile veins intersecting mainly meta-
gabbroic massifs (Fig. 2; Helland, 1875; Brøgger and Reusch, 1880;
Sjögren, 1883; Löfstrand, 1890; Bugge, 1922; Brøgger, 1935). The
veins are composed of variable proportions of apatite, rutile,
phlogopite, amphibole, clinopyroxene, scapolite, albite, quartz,
rutile, calcite, pyrrhotite and/or titanite, and are commonly found
in areas where the country rocks are affected by scapolitisation,
albitisation, orthoamphibole alteration and/or phlogopitisation
(Brøgger, 1935; Morton et al., 1970; Engvik et al., 2011). The most
well-known system of veins is found in scapolitised metagabbros
at Ødegården, which has been mined for apatite and locally for
rutile (Brøgger and Reusch, 1880; Lieftink et al., 1994; Harlov et al.,
2002; Austrheim et al., 2008; Engvik et al., 2009). Large bodies of
albitite are found mainly north of Risør, especially in the vicinity of
Kragerø (Brøgger, 1935; Green, 1956; Morton et al., 1970). The
albitites, occurring south of Risør between Tvedestrand and Are-
ndal, are developed in gneissic granites and syn-orogenic
pegmatite bodies (Nijland and Touret, 2001; Ihlen, unpublished
data). They are commonly associated with deposits of magnetite
and magnetite-apatite that were mined in the past at Nes and
Lyngrot, respectively (Fig. 2; Kjerulf and Dahll, 1861; Vogt, 1892).
These semi-massive magnetite ores commonly contain amphibole
as a gangue mineral and occur as single veins, sheeted vein sys-
tems, and stockworks of 50 m in diameter, which is enveloped by
a weak to strong albitisation that has erased the gneissic fabric of
the host rocks. In addition, there are areas (up to 1 km2) of
pervasively albitised gneissic granites, e.g. at Nes where the albi-
tites appear to be nearly barren in Fe-oxide deposits (Ihlen, un-
published data). Fe-oxide ores with temporally related albitisationFigure 3. (a) Albitisation (red colouration) along a thin vein in tonalite. Locality at Fesettjern
thick vein. Locality at Ringsjø near Ødegården verk, Bamble. (c) Detail from (c): Lower part; L
zone to metagabbro. (d) Small clinopyroxene-bearing albitite body constituting a 5 m-thickare rarely found in altered gabbros from the northern part of the
Bamble Sector (Fig. 2). Known occurrences include hematite-car-
bonate veins in the rutile-rich albitites at Kragerø (Green, 1956),
hematite-rich albitites intersected by orthoamphibole-hematite
veins at Breivikstranda (NGU Ore Database), and late-stage albite-
magnetite veins in the Fe-oxide ores on Langøya (Vogt, 1892).
4. Nature of Na-metasomatism in the Kragerø area
Extensive albitisation affects the northeastern part of the Bam-
ble Sector (Figs. 1 and 2). In this work, albitites occurring in the
Kragerø region will be described based on their ﬁeld relationships,
structures, mineral parageneses and petrography. These de-
scriptions include albitisation along veins; brecciation and forma-
tion of albititic felsites and carbonate-rich albitite; and megascale,
massive, clinopyroxene-titanite-bearing albitite. In addition, the
relationship between albitisation and Fe-ore deposition will be
described. The Bamble Sector contains abundant syn-orogenic
pegmatites (e.g. Henderson and Ihlen, 2004). In the Kragerø re-
gion, these include albite in the form of radial aggregates of platy
clevelandite (Bjørlykke, 1937). The origin of these albite-bearing
pegmatites and their relationship to the albitites is uncertain, and
will not be described further in this paper.
4.1. Albitisation along veins
Albitisation along veins is commonly observed throughout the
Kragerø region, both in the coastal margins and in the region close
to the Bamble Sector boundary. The albitisation is visible as a
bleaching or reddish alteration affecting both granitoid (Fig. 3a) and
maﬁc rocks (Fig. 3b and c). The thickness of the veins varies from
mm-size to alteration zones up to several metres, and can locally benear Ødegården verk, Bamble. (b) Albitisation (light red) of metagabbro along a 10-cm
ight core of vein composed of nearly pure albite: Upper part; Light grey-green transition
layer in gneiss. Locality at Gjerde, Kragerø.
Figure 4. Series of ﬁeld pictures showing albitite with related veins, breccias and foliated felsite. Locality Langøy (Coin for scale is 2 cm in diameter). (a) Network of albite þ calcite
veins in metagabbro causing albitisation and disruption of host metagabbro; (b) breccia containing clasts of albitised metagabbro in albite-carbonate matrix (ﬁeld of view is 2 m in
width); (c) carbonate-rich albitite forming a 5-m thick vein deposit in metagabbro; (d) albitised metagabbro occurring as lenses of green chlorite schist ﬂoating in albititic felsite; (e)
albitised metagabbro (lower right) showing transition to foliated albititic felsite (upper left); (f) foliated albititic felsites with alternating light (Ab þ Cc þ Mg-rich chlorite þ light-
coloured amphibole) and darker bands (additional Cpx þ Phl).
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Fig. 4 and section 4.3). The following description is from the region
around Ødegården verk (Fig. 2) which shows a high density of veins
causing albitisation.
On the microscale, hydrothermal albitite is an albite-dominated
rock where the feldspar typically shows a chessboard texture and a
high porosity (Fig. 5a and b). The cloudy appearance of the albite is
caused by a high porosity, ﬂuid inclusions and mineral inclusions of
white mica, chlorite, calcite and Fe-oxide. The presence of Fe-oxide is
inferred tohave caused red colourationof the rock (Putnis et al., 2007).
Albitisation of granitoid rocks has been studied in detail where a
tonalite has been transformed to albitite along the veining (Fig. 3a).In pervasively transformed zones, the albitite is dominated by
albite, with a composition close to that of end-member albite
(An1Ab99). In addition variable amounts of quartz, calcite, chlorite,
epidote and rutile are present (Fig. 5a and b). The epidote shows a
variable Fe3þ of 0.53e0.85 a.p.f.u., while chlorite shows a high Mg#
of 0.82 (Table 4). Engvik et al. (2008) has described the mineral-
ogical replacement process from tonalite to albitite in detail, with a
transition zone where oligoclase is converted to albite over a few
centimeters. While oligoclase from the protolith is homogeneous
and free of porosity, the albite in the transition zone is noticeably
porous and occurs together with numerous crystals of very ﬁne-
grained white mica, chlorite and calcite (Engvik et al., 2008). The
Figure 5. Photomicrographs. (a) Albite, quartz and calcite constituting albitite formed by ﬂuid inﬁltration along veining in tonalite. Note the chessboard pattern in albite. Sample
AE16, cross polarized light; (b) albitite dominated by albite, with additional rutile, chlorite and calcite. The cloudy appearance of the albite is caused by a high porosity, ﬂuid
inclusions and mineral inclusions. Note the presence of calcite along microveins in chlorite, and dusty opaques along rutile grain boundaries. Sample AE73; (c) central part of an
albitite vein cutting metagabbro, composed of albite and additional rutile. Note the chessboard pattern of albite. Sample AE5, cross-polarised light; (d) albitite from the transition
zone between a central vein and host metagabbro dominated by albite and remnants after amphibole. Partial replacement of amphibole by chlorite along microfractures. Sample
AE11B.
Table 2
Representative chemistry of feldspars.
Lithology Cpx-Ttn-bearing albitites Vein albitite Carbonate-
bearing
albitite
Albititic felsite
Sample no. AE63 AE63 AE63 1Ø17.15 1Ø17.30 1Ø17.30 AE11B AE11C AE11C AE40I AE40I AE50 AE87 AE87
Analysis no. #17 #19 #20 #17 #22 #24 #10 #12 #16 #29 #30 #23 #9 #10
Mineral Albite Albite K-feldspar Albite Albite Albite Albite Albite Albite Albite Albite Albite Oligoclase Albite
Comment Central vein Transition zone Central vein Transition zone Core Rim
SiO2 69.10 68.38 66.17 67.98 67.50 68.21 69.50 67.94 68.54 67.77 68.47 67.31 63.44 68.02
Al2O3 19.41 19.63 17.56 19.57 20.17 19.81 18.58 20.02 19.35 19.81 19.25 20.06 22.66 19.32
FeOt 0.08 0.07 0.06 0.09 0.02 0.06 0.00 0.01 0.04 0.07 0.14 0.03 0.11 0.13
CaO 0.77 1.03 0.02 0.49 0.74 0.32 0.20 1.14 0.67 0.53 0.05 0.87 3.86 0.04
BaO e e e 0.15 0.02 0.07 e e e 0.00 0.12 0.00 0.00 0.02
Na2O 11.33 11.30 0.34 11.81 11.48 11.61 11.61 10.62 11.74 11.46 11.63 11.34 9.59 12.08
K2O 0.16 0.17 16.54 0.08 0.06 0.01 0.03 0.19 0.10 0.04 0.05 0.05 0.02 0.02
Sum 12.26 12.50 100.69 100.17 99.99 100.09 99.93 99.92 100.43 99.68 99.71 99.66 99.68 99.63
Formula based on 5 cations
Si 3.00 2.98 3.04 2.96 2.95 2.98 3.04 2.99 2.98 2.97 3.00 2.95 2.81 2.97
Al 0.99 1.01 0.95 1.01 1.04 1.02 0.96 1.04 0.99 1.02 1.00 1.04 1.18 1.00
Fet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Ca 0.04 0.05 0.00 0.02 0.03 0.02 0.01 0.05 0.03 0.02 0.00 0.04 0.18 0.00
Ba e e e 0.00 0.00 0.00 e e e 0.00 0.00 0.00 0.00 0.00
Na 0.95 0.95 0.03 1.00 0.97 0.98 0.99 0.91 0.99 0.97 0.99 0.96 0.82 1.02
K 0.01 0.01 0.97 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
An 3.6 4.8 0.1 2.2 3.4 1.5 1.0 5.5 3.0 2.5 0.2 4.1 18.2 0.2
Ab 95.5 94.3 3.0 97.3 96.2 98.4 98.8 93.4 96.4 97.3 99.5 95.6 81.7 99.7
Kfs 0.9 0.9 96.9 0.5 0.3 0.0 0.2 1.1 0.5 0.2 0.3 0.3 0.1 0.1
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Table 3
Representative chemistry of clinopyroxene.
Lithology Cpx-Ttn-bearing albitite
Sample no. AE63 AE63
Analysis no. #21 #23
SiO2 53.13 53.33
Al2O3 0.99 0.97
TiO2 0.08 0.09
Cr2O3 0.00 0.00
FeO 13.80 13.96
MnO 0.41 0.44
MgO 9.12 9.15
CaO 20.35 20.13
Na2O 2.04 1.94
K2O 0.00 0.01
Sum 99.91 100.02
Formula based on four cations
Si 2.01 2.02
AlIV 0.00 0.00
AlVI 0.06 0.06
Ti 0.00 0.00
Cr 0.00 0.00
Fe3þ 0.08 0.05
Fe2þ 0.36 0.39
Mn 0.01 0.01
Mg 0.52 0.52
Ca 0.83 0.82
Na 0.15 0.14
K 0.00 0.00
Sum oxygen 6.00 6.00
En 30.3 30.0
Fs 21.2 22.6
Wo 48.5 47.4
Mg# 0.59 0.57
Table 4
Representative chemistry of sheet silicates.
Lithology Vein albitite Cb-bearing albitite Albititic felsite
Sample no. 1Ø17.15 1Ø17.15 AE11C AE40I AE87 AE87 AE50 AE50 AE50 AE50 AE50
Analysis no. #53 #57 #14 #50 #14 #15 #38 #45 #40 #41 #44
Mineral Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Phlogopite Phlogopite White mica
SiO2 33.04 32.89 33.84 25.68 31.76 31.47 32.80 31.13 38.17 38.15 44.62
Al2O3 16.20 16.61 15.98 20.75 17.01 17.57 17.47 19.17 15.28 17.25 30.71
TiO2 0.00 0.00 0.08 0.02 0.30 0.13 0.15 0.01 1.46 1.38 0.10
Cr2O3 0.08 0.02 0.38 0.00 0.00 0.04 0.00 0.03 0.00 0.00 0.04
FeO 8.84 7.78 10.09 26.70 8.41 8.68 6.31 7.35 7.63 7.98 3.08
MnO 0.06 0.10 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.02 0.00
MgO 28.86 29.89 25.88 13.75 28.78 27.91 29.79 28.28 21.20 20.24 5.40
CaO 0.26 0.11 0.65 0.12 0.05 0.05 0.08 0.07 0.09 0.04 0.07
Na2O 0.00 0.01 0.01 0.00 0.00 0.00 0.04 0.00 0.07 0.28 0.27
K2O 0.02 0.02 0.00 0.00 0.04 0.04 0.45 0.02 8.43 8.50 9.48
Cl 0.00 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.22 0.16 0.02
Sum 87.36 87.45 86.92 87.05 86.37 85.92 87.11 86.07 92.55 94.00 93.79
Cl¼O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.00
Sum 87.36 87.45 86.92 87.05 86.37 85.92 87.11 86.07 92.50 93.96 93.79
Formula based on 28 O Formula based on 22 O
Si 6.36 6.29 6.57 5.49 6.17 6.15 6.26 6.03 5.63 5.54 6.11
Al 3.67 3.74 3.66 5.23 3.90 4.05 3.93 4.38 2.66 2.95 4.95
Ti 0.00 0.00 0.01 0.00 0.04 0.02 0.02 0.00 0.16 0.15 0.01
Cr 0.01 0.00 0.06 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe 1.42 1.24 1.64 4.77 1.37 1.42 1.01 1.19 0.94 0.97 0.35
Mn 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 8.28 8.52 7.49 4.38 8.34 8.13 8.47 8.16 4.66 4.38 1.10
Ca 0.05 0.02 0.14 0.03 0.01 0.01 0.02 0.02 0.01 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.08 0.07
K 0.00 0.01 0.00 0.00 0.01 0.01 0.11 0.00 1.59 1.57 1.66
Cl 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.05 0.04 0.00
Sum cations 19.80 19.84 19.56 19.90 19.84 19.81 19.82 19.78 15.68 15.66 14.27
Mg# 0.85 0.87 0.82 0.48 0.86 0.85 0.89 0.87 0.83 0.82 0.76
Table 5
Representative chemistry of amphiboles.
Lithology Vein albitite
Sample no. 1Ø17.30 1Ø17.30 AE11C
Analysis no. #64 #65 #11
Mineral Edenite Edenite Pargasite
SiO2 47.78 47.72 44.29
Al2O3 8.38 8.08 11.49
TiO2 2.47 2.30 2.46
Cr2O3 0.02 0.00 0.00
FeO 5.94 5.86 7.58
MnO 0.03 0.03 0.00
MgO 18.05 18.12 15.58
CaO 11.47 11.43 11.26
Na2O 2.75 2.76 3.07
K2O 0.36 0.39 0.44
Cl 0.29 0.28 0.47
Sum 97.24 96.68 96.64
Cl¼O 0.06 0.06 0.11
Sum 97.17 96.62 96.53
Formula based on Sum-Ca, Na, K ¼ 13
Si 6.79 6.82 6.45
AlIV 1.21 1.18 1.55
AlVI 0.20 0.19 0.42
Ti 0.26 0.25 0.27
Cr 0.00 0.00 0.00
Fe3þ 0.16 0.16 0.12
Fe2þ 0.55 0.54 0.80
Mn 0.00 0.00 0.00
Mg 3.83 3.86 3.38
Ca 1.75 1.75 1.76
Na 0.76 0.76 0.87
K 0.07 0.07 0.08
Cl 0.07 0.07 0.12
Sum cations 15.57 15.59 15.71
Mg# 0.87 0.88 0.81
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microscale and alongmicrofractures cutting through the oligoclase.
Maﬁc rocks such as metagabbro and amphibolite show a
marked transformation along albitite veins (Fig. 3b and c) where
the original dark metagabbro is transformed to a light grey or
reddish albitite. The albitite in the central vein is composed solely of
pure albite close to end-member composition (An1e2Ab97e99). The
albite is ﬁne grained and shows a typical chessboard texture and a
dense porosity, and common tiny mineral inclusions. Minor
amounts of rutile and apatite are present. In the transition zone to
the maﬁc host rock, additional calcite, chlorite and epidote are
present and in places pumpellyite, analcime, prehnite and
F-bearing garnet have been locally identiﬁed. Chlorite is Mg-rich
showing Mg# ¼ 0.82e0.87 (Table 4). Epidote shows Fe3þ between
0.2 and 0.6 a.p.f.u. Remnants after amphibole being replaced by
chlorite, calcite, epidote and Fe-oxide illustrate the mineral re-
actions that occurred during albitite formation (Fig. 5b and d; see
discussion below). The remnant amphibole is of edenitic and par-
gasitic chemistry withMg#¼ 0.81e0.88, Ti¼ 0.25e0.27 a.p.f.u., and
a Cl-content of 0.07e0.12 a.p.f.u. (Table 5). The importance of
microfractures as ﬂuid conduits is inferred from calcite crystal-
lisation along microfractures through the chlorite (Fig. 5b) and
chlorite replacement along microfractures in amphibole (Fig. 5d).
4.2. Brecciation and formation of banded albititic felsites and
massive carbonate-bearing albitite
In the gabbro and scapolite metagabbro bodies, brittle defor-
mation, associated with ﬂuid inﬂux, has led to the widespread
formation of single veins, networks of veins, and breccias. TheFigure 6. (a) Photomicrograph from carbonate-bearing albitite showing chessboard albite,
light band of foliated albititic felsite with albite, rutile and light-coloured amphibole. Samp
along microfractures and grain boundaries. Sample AE87. Photomicrograph (c) and BSE-phinitial transformation and disintegration of the protolith is
observed along and adjacent to individual albititic veins (Fig. 4a).
Progressive deformation and inﬁltration caused brecciation of the
scapolite metagabbro, with an albititic groundmass inﬁltrating
angular clasts of greenish-grey, ﬁne-grained, chlorite schist
(Fig. 4b), which is a rock composed of chlorite and plagioclase,
showing replacement by albite (Fig. 6c and d).
The brecciated scapolite metagabbro at Langøya east of Kragrø
(Fig. 2) hosts extensive carbonate-bearing albitite. These massive
albitites crop out as wide veins or pipe-like structures normally up
to 10 m thick (Fig. 4c), but larger masses are also present. They are
typically heterogranular and dominated by reddish albite rich in
dolomite and calcite. The groundmass consists of ﬁne to medium
grains of near end-member albite (An0e3Ab97e100; Table 2) and
carbonate (Fig. 6a). The albite is porous and commonly shows the
chessboard twinning pattern. Minor quartz and chlorite are pre-
sent with rutile, Fe-oxides and small zircons as accessories. The
albitites host clasts of maﬁc, greenish-grey, ﬁne-grained, retro-
graded metagabbro partly replaced by albitite. The replaced ma-
terial is characterized by a higher content of chlorite (Mg# ¼ 0.48)
and Fe-oxide content. Carbonate-dominated deposits are associ-
ated with veins in the Vadfoss valley west of Kragerø (Dahlgren
et al., 1993).
The largest of the massive albitites at Langøya is more than
150 mwide and 1500 m long and is also associated with margins of
breccia zones in the scapolite metagabbro clearly indicated by a
gradational contact between albitite cemented breccias in the
scapolite metagabbro and the albitite. In some areas the albitites
are affected by re-brecciation and precipitation of quartz and some
calcite in the cavities between the fragments. The albitisation hascarbonate and rutile. Sample AE93, cross-polarised light; (b) photomicrograph from a
le AE99; (c)e(d) green chlorite schist with plagioclase showing replacement to albite
oto (d).
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into albite-rich pegmatite, which was previously mined for albite.
Parts of the mapped albitite at Langøya show a banded rock
structure. Banded albite-felsitic schist (Fig. 4f) is derived from
gabbro during albitisation as illustrated in Fig. 4e. Metagabbro or
green chlorite-rich rock forms lenses in the lighter albite-
dominated material (Fig. 4d and e). The light bands are composed
of ﬁne-grained albite (An4Ab96), calcite, Mg-rich chlorite
(Mg# ¼ 0.85e0.89), and amphibole (Fig. 6b), whereas the darker
bands also contain clinopyroxene and some phlogopite
(Mg# ¼ 0.82; Ti ¼ 0.15 a.p.f.u.), with rutile, apatite, zircon and
magnetite as accessory phases. In addition to the banding, reﬂected
by modal variation, an additional parallel fabric is deﬁned by
planar-oriented phlogopite. The greenish-grey host schist is
composed mainly of chlorite and plagioclase (An18) (Fig. 6c), which
shows replacement to end-member albite along grain boundaries
(Table 2; Fig. 6d). The presence of ductile shear zones of 1e20 m
thickness in the albitites indicate that the tectonic regime changed
from brittle to ductile during a late stage in the albitisation process.4.3. Megascale clinopyroxene-titanite albitite
Clinopyroxene albitites rich in titanite occur as bodies in
amphibolite and metagabbro. The larger bodies cover an area of
>1 km2 west of Kragerø. These have been described in detail by
Green (1956). They are also found as layers concordant with the
foliation in the host-rock, with thicknesses from 5 m up to tens of
meters (Fig. 3d). They are characterised by granoblastic albite
together with clinopyroxene, amphibole and titanite, and vary in
composition from leucocratic to more melanocratic. The albite is
An4e5Ab94e96 (Table 2), and clinopyroxene En30Fs21e23Wo47e49
with Mg# ¼ 0.57e0.59 (Table 3). The albitites have a metamorphic
texture and locally show a banding or strong foliation deﬁned by a
layering of maﬁc minerals. The leucocratic albitite is heterogranular
and dominated by ﬁne- to medium-grained albite, quartz and
microcline, with minor amounts of ﬁne-grained clinopyroxene,
amphibole and titanite (Fig. 7a). Apatite and zircon occur as
accessory minerals. The maﬁc variant is quartz-free with major,
ﬁne- to medium-grained, equigranular albite, clinopyroxene and
titanite. Variable amounts of equigranular amphibole occur in as-
sociation with clinopyroxene and titanite (Fig. 7b), but a secondary
amphibole is also present as very ﬁne grains ﬁlling fractures in the
clinopyroxene. Accessory minerals are opaque phases and apatite.
The albite grains in both the felsic and maﬁc rocks are free of
mineral inclusions and voids with classic albite-twins and embayedFigure 7. Photomicrographs. (a) Leucocratic clinopyroxene-titanite-bearing albitite dominat
dominated by the assemblage albite, clinopyroxene and titanite, with variable amounts ofgrain boundaries with triple-point junctions. Chessboard albite is
only comparatively uncommon.
4.4. Relationship between albitisation and Fe deposits
Scapolite alteration of the metagabbros on Langøya was fol-
lowed by episodes of fracturing, which led to the development of
variably spaced veinlets of hornblende and magnetite with narrow
envelopes of clinopyroxene alteration. The ultimate result of this
fracturing was the formation of more than 10, iron-oxide-rich,
breccia zones that developed prior to the major stage of albitisa-
tion. The largest of these ore zones was in production until 1965.
The 1e10 m-wide and 50e1200 m-long linear breccia zones occur
in scapolite-hornblende rocks that have been altered to a ﬁne- to
medium-grained, clinopyroxene-rich fels containing minor scapo-
lite and albite. The altered fragments are cemented by magnetite
and/or hematite that also occur as a system of parallel, massive
veins along the centre of the breccia zone. In some segments, cli-
nopyroxene ores have subsequently altered to actinolite-calcite-
hematite ores, which also contain minor albite. Local reactivation of
the breccia zones generated networks of albite veins cutting the
clinopyroxene fels and magnetite ore, as well as replacing it. Some
of the thicker veins (0.1e0.5 m wide) contain subordinate magne-
tite aggregates, generally along the central parts of the albite veins.
In some areas, the albitic network is associated with breccia zones
containing vugs and open fractures lined with albite and hematite
grains or aggregates of albite and magnetite overgrown by comb-
textured quartz crystals, quartz-siderite, ankerite and calcite in
order from the wall to the centre of the vugs.
5. Discussion
5.1. Mineral characteristics of albitites and spatial association with
other metasomatic rocks
In spite of the inhomogeneities of the albitites described above,
they bear common mineralogical and mineral-chemical charac-
teristics. All the Na-metasomatic rocks are dominated by the near
end-member sodic plagioclase, showing a mineral-chemical vari-
ation in the range An1e5Ab94e99. The albitites are modally low in
maﬁc phases. Where present, chlorite, amphibole and biotite are
represented by their Mg-rich end-members. Rutile, titanite and
tourmaline are typical accessory minerals. Carbonate is present in
the vein-albitite and larger albite-carbonate deposits and related
felsites. The chessboard textured variant of albite is common in the
same morphological types of albitites. Although the megascaleed by albite and quartz. Sample AE63; (b) maﬁc clinopyroxene-titanite-bearing albitite
amphibole. Sample AE65.
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dominated, they differ from the other types of albitites. They are
preserved as massive albitites varying in outcrop size up to>1 km2,
and are structurally conformably layered in the foliated host
gneisses. They are also characterized mineralogically by the pres-
ence of clinopyroxene and titanite, and by a lack of the chess-board
texture in the albite.
The albitites are also spatially associated with other types of
metasomatic rocks. Albitisation occurs along veins and in breccias
cutting Mg-Cl-metasomatised rocks such as scapolite metagabbros
(Fig. 4; Engvik et al., 2011). The mutual association of albitisation
and scapolitisation is common in both the Bamble and the
Kongsberg-Modum sectors (Munz et al.,1994), and is also described
worldwide from regions with imprinted metasomatism (e.g.
Frietsch et al., 1997; Oliver et al., 2004). In addition, extensive Mg-
Al-rich, orthoamphibole-cordierite schists occur spatially related to
albitites and scapolite metagabbros in the Bamble Sector (Fig. 2;
Engvik and Austrheim, 2010).
5.2. Fluid regime and mass transfer
Albitisation along veining occurs in both maﬁc and granitoid
rocks (Figs. 3 and4, Engvik et al., 2008, 2011). It is stronglycontrolled
by fractures and breccia cavities representing important ﬂuid con-
duits. Petrographic and mineral chemical studies show the
replacement of mineral phases during albitisation (Figs. 5 and 6).
Feldspars and scapolite are replaced by albite, with additional
calcite, epidote and sericite as reactionproducts. Maﬁcminerals and
Fe-Ti-oxides show a depletion of Fe with the formation of Mg-
enriched chlorite and rutile. Chemical analyses of residual amphi-
bole showalso a highMg#. Inpartly transformed albitites (transition
zone to host rock, Fig. 3c), Fe, as hematite, remains in the rock as very
ﬁne-grained dust in the chlorite or along grain boundaries
(Fig. 5bed). This dusty hematite is commonly responsible for the
imprinted red colourof the transformed rock (Fig. 3aec; Putnis et al.,
2007; Engvik et al., 2008). Norberg et al. (2011, 2014) has shown thatFigure 8. Mass transfer during albitisation illustrated by an isocon diagram (after Grant, 1
concentration of metagabbro (average of 2 samples). CA data are average concentration of a
Ødegården verk, Bamble Sector. The isocon is assuming the hypothesis of a constant volumreplacement of K-feldspar to albite releases Fe3þ and Ti which pre-
cipitates as hematite and rutile inclusions in the feldspar. Micro-
fracturing of phases, such as amphibole and calcite (Fig. 5b and d),
and crystallisation of reaction products along both microfractures
and grain boundaries indicate ﬂuid paths through the rock, and a
ﬂuid- and fracture controlled replacement process. Fig. 5b shows
very ﬁne grains of calcite alongmicrofractures through chlorite and
Fig. 5d illustrates microfractured residual amphibole. In addition to
the fracture control, an interface-coupled dissolution-reprecipita-
tion mechanism (Putnis, 2002) for feldspar replacement has been
documented by Engvik et al. (2008). In pervasively albitised parts,
the Mg-component is depleted (i.e. Mg-chlorite and residue
amphibole), and the rock is composedof nearly pure albitewith only
minor rutile and calcite preserved (Fig. 5c). The observed mineral
replacement reactions can be summarised as:
Ampþ H2O ¼ Mgenriched AmpþMgenriched Chlþ Fe2þaq
(1)
Scp=PlþNaþaq þ H2Oþ CO2 þ KFeMgaq
¼ Abþ Ccþ EpþMs ¼ Abþ Ccþ H2Oþ KFeMgaq (2)
Ilm ¼ Rtþ Fe2þaq (3)
(Written reactions are not in balance. Mineral abbreviations after
Whitney and Evans (2010)). Reaction (2) acquires the necessary
minor K, Fe and Mg from the breakdown of maﬁc minerals (reac-
tion 1) which form epidote and sericite as an interstitial product.
The transformations progressed further by consumption of
amphibole, epidote, muscovite and chlorite, and together result in
albitite composed of nearly pure albite and only minor additional
calcite and rutile.
The albite breccias resulted from fracturing and disruption
during formation of the thick, carbonate-bearing, albitic veins as a
result of higher ﬂuid inﬂux. Subsequent deformation and formation986) for major elements (in wt.%) based on whole-rock geochemical data: CO is the
lbitised metagabbro (2 samples) and albitite (3 samples). Sampled locality at Ringsjø,
e for the albitised metagabbro compared to the metagabbro (from Engvik et al., 2011).
Figure 9. (a) Ilmenite partly replaced by rutile. Note small zircon grains along ilmenite
grain boundary. Sample 1Ø42.25, metagabbro, Ødegården verk; (b) rutile in scapolite
metagabbro after ilmenite. The trail of zircon outlines the former grain boundary of the
ilmenite grain. Sample 2Ø78.20, Ødegården verk (from Austrheim et al., 2008); (c)
chlor-apatite with replacement to hydroxy-ﬂuor-apatite. From apatite vein, sample
2Ø77.55, Ødegården verk (from Engvik et al., 2009).
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(Fig. 4). These albitites show the same typical petrographical and
mineralogical characteristics with the presence of chessboard
albite, Mg-chlorite and carbonate. The genesis of clinopyroxene-
titanite-bearing albitites is less clear. However, the detailed study
by Green (1956) concluded that the albitites were formed meta-
somatically in the Storkollen-Blankenberg area of Kragerø. In
addition, Nijland and Touret (2001) documented formation of an
albite-clinopyroxene assemblage during localised fracture-bound
metasomatism of a syn-orogenic granite pegmatite.
Fluid composition and mass transfer can be interpreted by the
study of mineralogical replacement reactions; modelling of whole-
rock geochemical data; and observations of ﬂuid inclusions. The
formation of hydrous-bearing minerals and calcite during albiti-
sation suggests that the reactions occurred as a result of inﬁltration
of a H2O-CO2 ﬂuid. The observed mineral replacement reactions
require a ﬂuid rich in Na, indicated by the formation of albite, and
depletion of Fe and Mg as shown by the removal of the Fe-Mg-
bearing phases. This is in accordance with the mass balance cal-
culations over ﬂuid fronts done by isocon analyses following Grant
(1986), as presented in Engvik et al. (2011). The isocon analyses
were undertaken to quantitatively estimate the changes in element
concentrations during metasomatism for sample sets from
increasingly altered samples (Fig. 8). The isocon is constructed by
assuming a constant volume when plotting the concentration of
major elements of sample sets from variably metasomatised rocks
against the least alteredmetagabbro. Crossing the albitisation front,
the modelled results show an increase in Na2O and SiO2, and
depletion in FeO, MgO and CaO. Nijland and Touret (2001) docu-
mented ﬂuid inclusions that formed from NaCl-bearing brines
during metasomatism. From our work on scapolitisation (Engvik
et al., 2011), it is evident that Cl, Mg, K, B and P were enriched in
the system forming the scapolite metagabbro, resulting in the for-
mation of apatite-phlogopite veins and an enrichment of tourma-
line in the region.
The potential source of the ﬂuids during albitisation and sca-
politisation in the Kragerø area is discussed by Engvik et al. (2011).
The bedrock of the Bamble sector comprises a complex mixture of
lithologies including rocks of magmatic and sedimentary origin
(Padget and Brekke, 1996). Based on the mineral replacement re-
actions during metasomatism and the composition of precipitated
minerals, this ﬂuid must have been enriched in Na, K, Cl, Mg, B and
P. This precludes a late-magmatic ﬂuid and is more indicative of a
brine associated with seawater. Such a brine may have formed by
ﬂuids released during prograde metamorphism of sedimentary
rocks or it may be the result of mobilisation of evaporitic sequences
during the course of an orogenic cycle. Variable initial 87Sr/86Sr
values for scapolite from the scapolite metagabbro at Langøya and
Ødegården (Engvik et al., 2011) are consistent with such a scenario
although not conclusive.
5.3. Metasomatic control on mineral deposits
The Bamble Sector is characterised not only by widespread
metasomatic alteration, but also by a high density of mineral de-
posits. As illustrated on themaps of Figs.1 and 2, the high density of
apatite and rutile deposits follows the regional distribution of
metasomatic alteration in the Bamble Sector. The formation of
rutile and apatite by metasomatic processes has been demon-
strated by the detailed mineralogical and petrographical studies at
Ødegården verk. Austrheim et al. (2008) have demonstrated the
formation of rutile from ilmenite during mass transfer by depletion
of the Fe component in Fe-Ti-oxides (Fig. 9a and b). Engvik et al.
(2009) has documented the formation of chlor-apatite and its
replacement to hydroxy-ﬂuor-apatite (Fig. 9c) at Ødegården verk inBamble during the process of scapolitisation and albitisation. These
mineralogical studies are based on the metasomatic rocks at
Ødegården verk. However, Brøgger and Reusch (1880) described
regionally distributed apatite deposits in the Bamble Sector with a
similar mineralogical paragenesis as in the scapolitisedmetagabbro
(Fig. 2).
In addition to the common occurrence of apatite and rutile
deposits, the Bamble Sector has a high density of hydrothermal
Fe-deposits including veins and breccias of nickeliferous
pyrrhotite-apatite, magnetite-apatite, magnetite and hematite, as
well as Fe-oxide skarn deposits (Kjerulf and Dahll, 1861; Vogt,
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both albitisation and scapolitisation of the metagabbros caused a
depletion in Fe (Engvik et al., 2011; Fig. 8). Thus, it is probable
that the ﬂuids causing the metasomatism became enriched in Fe
and other elements (e.g. P, S), which were reprecipitated as Fe-
oxides, apatite and locally as Fe-sulphides along the ﬂuid con-
duits in the surrounding crust or at higher levels in the crust. This
could, for instance, explain the formation of the Langøya iron
ores as a consequence of the preceding episode of scapolitisation.
However, it is somewhat enigmatic that most of the iron ores,
both in the Bamble sector and in the Mylonite Zone, are found in
granitic rocks which were albitised coevally with the Fe-oxide
precipitation. This indicates that the Na-bearing metasomatic
ﬂuids contained a Fe component prior to alteration rather than
being caused by the release of Fe from the gneissic granites that
are generally low in total Fe. Since the regional metasomatism is
clearly related to large-scale hydrothermal systems, it is obvious
that both the timing of the various types of metasomatism and
the composition of the ﬂuids will have varied between different
parts of the system. The association of Fe-ores with albitites and
altered granites has been reported in a large number of publi-
cations, e.g. in magnetite-apatite deposits from the Lyons
Mountain area in US (Valley et al., 2011). Subsequently, further
investigation into the details of the precise relationship between
the metasomatic processes and deposition and distribution of Fe
ores in the Bamble region is required.
5.4. Regional importance of metasomatism
Albitisation, occurring both in restricted zones but also more
pervasively over larger areas, as illustrated in Fig. 1, is widespread
throughout the Bamble and Kongsberg-Modum sectors, as well as
in the Mylonite Zone. This is in addition to more locally distributed
occurrences elsewhere in the Sveconorwegian orogen. Engvik et al.
(2011) has shown that the metasomatism in the Kragerø regionwas
part of a regional, Sveconorwegian, amphibolites-facies tectono-
metamorphic phase, which was constrained by cooling ages of U-
Pb in rutile and Rb/Sr in phlogopite between 1090 and1040 Ma,
produced during scapolitisation and albitisation. The tectonome-
tamorphic setting shows that the processes occurred at middle
crustal levels. The temperature conditions for scapolitisation are
constrained tow600e700 C (Engvik et al., 2011). For albitisation,
stability over a broad range of conditions up to 700 C is considered
to be likely (Nijland and Touret, 2001; Engvik et al., 2011).
As described from the Kragerø region, albitisation has occurred
not only as static alteration along veining, but also throughout
larger rock volumes made up of breccias and banded schists. The
reported banded structure of some albitites is interpreted as having
been caused by inhomogeneities (such as veins and breccias) pro-
duced during metasomatism (Fig. 4def; Engvik et al., 2011) which,
synchronous with the regional tectonometamorphic event, pro-
gressed into the major regional structure. Fracturing and formation
of breccias is caused by high ﬂuid pressure (Secor, 1965; Shaw,
1980; Boone et al., 1986), and has been described as a precursor
stage for ductile deformation in the lower crust (Boundy et al.,
1992; Engvik et al., 2000). A variation in ﬂuid pressure can
possibly explain the change between brittle and ductile deforma-
tion during metasomatism. The presence of ductile shear zones in
the albitites on Langøya indicates that the deformation changed
from brittle to ductile during a late stage in the albitisation process.
Both breccias and ductile rock fabrics are well known elsewhere in
the albitised crust (e.g. Oliver et al., 2004; Rubenach, 2013). How-
ever, further investigations are necessary to quantify the impor-
tance and extent of metasomatic inﬂuence on the regional rock
structure.6. Concluding remarks
Na-metasomatism occurring as albitisation is regionally exten-
sive in the Precambrian crust of southern Scandinavia. We have
shown that metasomatism is an important mineral- and rock-
forming process in the continental crust, and speciﬁcally in the
Bamble Sector of southern Norway, which is part of the Sveco-
norwegian tectonometamorphic event. In addition, metasomatic
processes are critical for the transport and deposition of elements
of economic interest, providing insights into the formation and
location of mineral ore deposits.
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